ABSTRACT This paper presents a novel structure for realizing a coupler with controllable power divisions, which is composed by two couplers and two phase shifters cascaded between them. This structure is applicable to constructing couplers with extremely-wide-range tunable power division, and the phasedifference performances can be predicted and controlled flexibly. In this paper, the rigorous design equations and methodologies are exhibited. For verification, two prototypes with rat-race and quadrature operations are fabricated and measured, and the measured results sufficiently confirm this topology to be effective and correct.
I. INTRODUCTION
The coupler, together with the filters [1] , [2] , power dividers [3] , balun [4] , and switches [5] , is one of the fundamental building blocks for the RF/microwave systems. Couplers with unequal power division are widely needed in many promising microwave applications, like some antenna feeding network, antenna arrays and some dual-transistor power amplifiers. However, controlling the unequal power division is a quite challenging subject. On one hand, it is difficult to realize high power-division ratio. On the other hand, the ones with tunable power division are limited by the tunable ranges, and it is difficult to tune the ratio precisely.
To control the division ratio, there are three major ways conventionally. One is to alter the characteristic impedances of the transmission lines of a branch-line coupler [6] - [9] . This method is simple for analysis and thus widely used. However, changing the impedances is usually severely limited, because the transmission lines with extremely-wide or narrow widths are impossible to implement. Consequently, extremely-large power-division ratios are not reachable by using this method.
Different from the couplers based on transmission lines, the ones in [10] - [12] are composed by microstrip patches, and their principles are quite different. The coupler in [10] is theoretically analyzed by utilizing the patch-resonator theories, whose power division is controlled by the resonance-mode coupling. However, the couplers in [11] and [12] composite the patches with lumped elements, and they are analyzed by the given lumped equivalent circuits. The power divisions are altered by controlling the capacitors loaded at the patterned ground planes. Because of the patch resonators, this type may have the potential of filtering functions [10] .
The last method is compositing both lumped and distributed elements in a coupler circuit, as the ones proposed in [13] - [15] . In [13] , the power-division ratios are controlled by the coupling level of the coupled lines and lumped elements. However, the coupling of the lines is not easy to control, thus the power-division ratios cannot be controlled precisely. The method in [14] is mounting grounded capacitors at two lateral branches. The capacitors will perturb the transmission and coupled paths, which will affect the power division ratio of the two paths. The method in [15] is similar to the one in [13] , the power division of which is controlled by the capacitors mounted between the upper and lower bisections.
If the capacitors in [11] , [12] , [14] , and [15] are replaced with varactors, the power division of these couplers aforementioned could be tunable by altering the varactor capacitances. However, since the capacitance ranges of varactors are usually limited, the tunable ranges of these varactor-based couplers are not very wide. Meanwhile, generally, the capacitance values of varactors are not very stable when varying their bias voltages. This would cause unexpected failure when tuning the power division ratio. Moreover, these capacitor-based coupler cannot operate under extremely-large power divisions. One reason is that capacitors with extreme capacitance values are unavailable. The other reason is the limitation of the fabrication for transmission lines. In addition, due to the nature of varactors, the reactive characteristic varies rapidly when frequencies changes. Hence, the operating bandwidths of varactor-bases couplers are significantly limited. Beside the varactor-based ones, the tunable coupler based on switches is also reported, as literature [16] . However, the controlling of the power division is discrete. This paper presents a new and different structure for realizing a coupler with controllable power divisions. This work is extended from a conference paper by Wu et al. [17] . This proposed coupler is composed by two couplers and two phase shifters cascaded between them. With designated subcouplers, the power division is controlled by the phase shifts between the two sub-couplers. When tunable phase shifters are introduced, the power division of this coupler can be tunned continuously in a very wide tunable range (approaching to infinity) over a wide frequency band. Additionally, different from the previous reference [18] , the phase differences at outputs can be arbitrary values (like [19] ), which is useful in some phased arrays [20] , multi-fed antennas, reflectometers [21] , and other promising applications.
II. THEORETICAL EXPLANATION AND DESIGN EQUATIONS
A. GENERALIZED CASES As Fig. 1 shows, the topology of this proposed structure comprises four sections: two couplers and two phase shifters, and for convenience, the two couplers are named as Sub-coupler A and B. Without loss of generality, the two sub-couplers and the whole network are assumed as trans-directional couplers, whose ports are numbered clockwise as shown in Fig 1. The two sub-couplers are cascaded with each other, but the phase shifters shift the phase by θ A and θ B at the upper and lower transmission paths, respectively. Assuming that the power-division ratio (the power ratio exported from through and coupled ports) of Sub-couplers A and B are k 2 A and k 2 B , respectively, the equations of the whole power-division ratio k 2 will be derived in this section. In addition, note that the values of θ A and θ B can be both positive and negative, but k, k A and k B are all positive.
For directional couplers, the S-matrices of the two subcouplers can be expressed as
and
According to the definition of S-matrices, the incident wave a and reflected wave b have the relationship of
and 
Due to the phase shifts θ A and θ B , the reflected waves of Sub-coupler A and the incident waves of Sub-coupler B possess the following relationships:
Combing the equations (3), (4) 
where 
Mapping ports 2 and 3 in Fig. 1 to 2 and 3, respectively, the S-matrix of Sub-coupler A can be expressed as (8) shown in the next page [22] .
where ψ A13 and ψ A24 are the phase of S 13 and S 2 4 and φ A denotes the phase difference of S 2 1 and S 3 1 . The S-matrix of Sub-coupler B is similar to (8) , as shown at the top of this page, and it will not be given in this paper due to the space limitation. In the following of this paper, the parameters of Sub-coupler B ψ B13 , ψ B24 and φ B denote the counterparts of ψ A13 , ψ A24 and φ A , respectively. Then, the ratio S 21 /S 31 is written as (9) , as shown at the top of this page, where = (θ A − θ B ).
Therefore, the power-division ratio between the output ports is derived as
From (10), it is seen that with designated k A,B and φ A,B , the power distribution k is controlled by the phase shift (i.e. (θ A −θ B )). This implies the potential of realizing a tunable power division, by introducing tunable phase shifters.
However, the phase differences between ports 2 and 3 are not constant and they will alter when the phase differences vary, as equation (11), as shown at the top of this page. The exact selection of n depends on the signs of Re{S 21 /S 31 } and Im{S 21 /S 31 }, where Re{.} and Im{.} denote the real and imaginary parts respectively.
Please note that the absolute phases of S A24 and S B24 for the two sub-couplers would affect the power division and phase differences, thus they should be taken into consideration and selected carefully during the design process.
B. SPECIAL CASE: THE EQUAL DIRECTIONAL SUB-COUPLERS
As stated in Section II-A, there is an major drawback that the phase difference between ports 2 and 3 are also changed when tuning the power divisions. Fortunately, the drawbacks of the phase differences could be avoided by taking a special case.
Letting k A = k B = 1, the ratio of S 21 and S 31 is reduced as
Hence, in this case, the power-division ratio is
while the output phase difference is
The final values are determined by the signs of Re{S 21 /S 31 } and Im{S 21 /S 31 }.
As indicated by equations (13), when k A = k B = 1, the expression for the phase differences is free from . This means tuning the phase shifts will not affect the phase differences any more. This topology is capable of reazling a coupler with arbitrary phase differences, provided the phase difference of Sub-coupler B φ B can be chosen alternatively.
If choosing a tunable phase shifter with sufficiently-wide tunable ranges, the power division could vary from −∞ to +∞ (dB) continuously. The extremely-wide tunable range VOLUME 6, 2018 is the major superiority to the tunable ones proposed previously [11] , [12] , [14] , [15] , [23] - [26] 
III. APPLICATION: COUPLERS WITH CONTINUOUSLY-TUNABLE POWER DIVISIONS
In this section, we provide two tunable couplers. One of the two couplers is the rat-race one while the other is the quadrature one, which are the most-widely used couplers in electronics applications.
A. TUNABLE RAT-RACE COUPLER
Substituting φ A = φ B = 90 • into (12), the expression of S 21 /S 31 can be further simplified as: with power-division ratio k:
Then, considering Re{S 21 /S 31 } and Im{S 21 /S 31 }, the final value of can be expressed as
Hence, a rat-race coupler with tunable power divisions is obtained. In order to verify the theory, ideal simulations are conducted. The simulations are based on the ideal coupler and shifter models of Keysight Advanced Design System, the results of which are shown in Fig. 2 . With the phase shifting from 10 • to 170 • , the power divisions (Figs. 2(a) and 2(b) ) alters, but the phase difference between Ports 2 and 3 remains unchanged.
Subsequently, a prototype implemented by commercial coupler chips and tunable phase shifters is fabricated, as the photograph in Fig. 3 . The coupler is Anaren Xinger 11305-3S 3-dB quadrature hybrid, which operates over 1-2 GHz with about ±0.55 dB amplitude balance and ±3 dB phase balance. The phase shifter is chosen as Hittite HMC934LP5E 400 • analog phase shifter, operating over 1-2 GHz with about 3.5 dB insertion losses.
During the experiments, the phase shifter in the lower path is zero-biased while the upper one is biased with different sets of voltages, denoted as V 1 . For a rat-race coupler, ports 1 and 4 should be excited separately to obtain the results with 0 • and 180 • phase differences.
The measured results are shown in Figs observed, which is inevitable when tunable phase shifters are introduced.
As for the port matching and isolation, 10-dB return losses and isolations are maintained despite the tuning of V 1 over 1-2 GHz, which can be read from Fig. 4(c) and 4(d) . This means that the power division can be tunned smoothly without worrying about the matching and isolation performance.
Subsequently, the coupler is measured with port 4 excited. The results are shown in Figs. 5(a)-5(d) . From Fig. 5(a) , it can be seen that when V 1 varies form 4.11 to 8.35 V, the magnitude of S 34 are altered from about -4 dB to about −17 dB. Meanwhile, the magnitude of S 24 varies from below −19 dB to about −4 dB from Fig. 5(b) . Similar to the case where port 1 excited, the tunability of power division is observed when port 4 excited. In addition, the magnitudes of S 44 and S 14 remain below −10 dB over 1-2 GHz. Hence, good matching and isolation performances are maintained during the tunning when port 4 excited.
Then, we evaluate the phase differences of the rat-race prototype. As predicted by equation (17a) and (17b), the phase difference of this prototype should be 180 • and 0 • when ports 1 and 4 excited, respectively. When port 1 excited, the measured phase differences are demonstrated in Fig. 4 
(e).
It is observed that the phase difference remains in the vicinity of 180 • over 1-2 GHz with the variation of V 1 from 4.11 to 8.35 V. The maximum deviation from 180 • is about 30 • at 1.5 GHz when V 1 = 8.35 V. Meanwhile, the in-phase property is observed when port 4 is excited from the curves in Fig. 5(e) , and the maximum derivation is about 30 • at 1.5 GHz with V 1 = 8.35 V. The serious deviations of the phase differences may be attributed to the inaccurate measurements when the power-division ratio approaches extreme values. In general, the overall performance of the measured results are consistent with the ones predicted in Section II-B.
Moreover, it should be pointed out that this rat-race coupler has non-interspersed input and output ports in a planar configuration. This characteristic would facilitate the layout process when cascaded with other devices, where no vias or bond wires are needed. This rat-race coupler is an alternative to the one reported in [27] .
B. TUNABLE QUADRATURE COUPLER
Similar to the derivation in the previous subsection, letting φ A = φ B = 180 • (or 0 • ) obtains:
VOLUME 6, 2018 and
The value of can be expressed as:
where the sign is determined by φ B and ( + ψ A24 − ψ B24 ). Accordingly, this special case is applicable for realizing a quadrature coupler with tunable power-division ratios.
The derivation reveals that to construct a quadrature coupler, two rat-race sub-couplers should be employed, the topology of which is illustrated in Fig. 6(a) . Because the ports of the sub-couplers are interspersed, the coaxial lines are used to connect the sub-couplers and phase shifters. In this section, we adopt the wideband rat-race coupler reported in [28] as the sub-couplers. The sub-couplers operate over 1-3 GHz with flat power-division and phase-difference performances, whose physical dimensions are given in [28, Fig. 15 ]. Then, Hittite HMC934LP5E is still chosen as the phase shifter. The photo of the prototype is shown in Fig. 6(b) . The prototype is provided for simple verifications. Integrated designs may be implemented by utilizing rat-race couplers with noninterspersed ports [27] or employing advanced fabrication technologies.
For comparison, ideal simulations are carried out by using the ideal coupler and shifter models in Keysight Advanced Design System. The results are shown in Fig. 7 . It is clearly seen that the power division varies when the phase shifts changes, which is consistent with the theoretical predictions. Figs. 8(c) and 8(d) depict the matching and isolation performance, respectively. It is observed that the matching and isolation are greater than 10 dB within the operating band of 1-2 GHz. Accordingly, favorable matching and isolation are maintained in the operating band. Fig. 8(e) demonstrates the phase difference of the two outputs. It is observed that the phase difference remains in the vicinity of 90 • over 1-2 GHz when the power-division ratio is in the range of −6-6 dB. However, when the power-division ratio approaches to extreme values, the deviation becomes more and more significant. For example, when |S 21 |/|S 31 | = 20 dB (V 1 = 8.39 V), the deviation from 90 • is more than 70 • . As stated above, the serious deviations of the phase differences may be attributed to the inaccurate measurements when the power-division ratio approaches extreme values.
IV. COMPARISONS AND CONCLUSION

A. COMPARISON
In order to reveal the superiority, Tables 1 and 2 are composed comparing the proposed coupler with the state-of-the-art ones. In this table, the characteristics regarding the topology is emphasized. From both the theoretical and experimental results, it can be concluded that this type of power-divisiontunable coupler realizes extremely large tunable range with almost no restrictions. This is the most significant superiority of this coupler with phase-controlled power division. The second advantage of this structure is its wideband capability. By inspecting Table 2 , it can be concluded that the bandwidths of these varactor-based tunable coupler are usually narrow. However, the phase-shifter-based type is easy to realize wideband extension, simply employing wideband couplers and phase shifters. Moreover, according to the equation (14) , the phase differences of this structure could be arbitrary selected, which is determined by the selection of the second sub-coupler (Sub-coupler B) . In summary, this tunable-coupler is a superior structure with great flexibility, which is a capable candidate for constructing multi-standard RF/microwave systems.
Comparing with the work presented in the conference [17] , we gave the generalized derivation (include the phasedifference problem) and methodology in this paper, and extended the fixed performance to tunable ability. Moreover, in this paper, we designed two tunable prototypes and experimentally evaluated them. The research result in [17] could be a special case in this paper.
B. CONCLUSION
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